A comprehensive model predicting the deformation, growth and detachment of a vapour bubble in the nucleate boiling regime with an applied electric field is described in this paper. The model takes into account the full electrohydrodynamics of the phenomenon including the influence of local temperature on the generation of free charges in the liquid. Solution of the model by the level set method has been successfully implemented with a commercial CFD code. Aspects of the code and the graphical software requiring further development are noted. Sample results are presented to demonstrate the effect of the electric field on the growth and detachment of the bubble, for a bubble initially protruding through a thermal boundary layer on a horizontal wall. The bubble is elongated under the influence of electrical forces, the effect being more pronounced for stronger electrical fields. The electric field is found to promote earlier detachment of the bubble at a smaller volume, thus increasing the bubble frequency. The wall heat flux during the process of detachment is not much affected by the electric field. . 
Introduction
Nucleate boiling is a very efficient mode of heat transfer involving liquid evaporation associated with bubble nucleation, growth and detachment. Due to its importance in many engineering applications it has been subject to extensive investigations over the years. Achieving higher heat transfer rates through various enhancement techniques can result in considerable decrease in the size of heat exchangers as well as improvement of their performance, which leads to substantial energy savings. Enhancement techniques can be categorised into two groups: passive and active. Whilst passive techniques may require fluid additives or special surface geometries, active techniques use external forces such as electric field, acoustic or surface vibrations. Many experimental works have shown the great potential of Electrohydrodynamics (EHD) in enhancing boiling heat transfer- Karayiannis and Allen (1991) , Ogata and Yabe (1993) , Karayiannis (1998) and etc.. Reviews of these works have been undertaken by Allen and Karayiannis (1995) and recently by Laohalertdecha et al. (2005) . Compared to experimental works on the subject, available theoretical investigations are rather scarce and limited. One possible reason is that the mechanism of boiling heat transfer itself is still poorly understood. Adding the effect of an electric field makes the modelling even more complicated. The augmentation of boiling heat transfer by utilizing the EHD effects has been recently modelled for different boiling regimes: in nucleate boiling, Zaghdoudi and Lallemand (2002) , in saturated boiling near critical heat flux (CHF), Di Marco and Grassi (1999) and in film boiling, Verplaetsen and Berghmans (1999) . Most of these models adopt assumptions and use empirical correlations, which makes them less general. On the other hand visual observations during boiling showed that applying electric field affects single bubble behaviour. It is thus reasonable to suggest that EHD enhances nucleate boiling heat transfer through the effect on bubble's growth and detachment. Another very important observation is that the EHD enhancement effects are much more remarkable with increasing the applied voltage. It is also shown that higher magnitudes of electric field strength cause more significant deformation of the bubble. Recently Karayiannis and Xu (1998) described the effect of electric forces on a single bubble during nucleate boiling regime. They used R123 electric properties and applied voltage from 0 to 20 kV for the simulations. The most important idea of the work is that the bubble can be included as part of the domain of interest and thus the definition of a boundary condition at the bubble interface becomes unnecessary. Their results did not consider the deformation of the bubble, but instead they investigated spherical bubble and an array of bubbles. Oh and Kwak (2000) presented theoretical and experimental results for bubble behaviour during boiling under DC electric field condition. R11, R113 and FC72 were used for the experiments and the numerical calculations in up to 20 kV and electrode gap form 5 to 8 mm. Their results consider only the electric force distribution around the bubble and its dependence on the electrode configuration, but not the deformations of the bubble. Zaghdoudi and Lallemand (2000) presented a study of the behaviour of a bubble in uniform electric field with up to 20 kV/cm strength. They obtained the electroconvective movements around and within a conducting bubble and its deformation. Only small deviations from an initially spherical bubble shape and stationary bubble could be mentioned as a limitation of that model. Herman et al. (2004) reported experimental and theoretical results on bubble deformation and detachment under the influence of electric field in terrestrial and microgravity conditions. They used an experimental set-up where air is pumped through an orifice in the liquid to emulate bubble volume growth during boiling. In this work the authors modelled the above experiment with electric field strengths up to10 kV/cm. In the model they do not consider changes of the electric properties of the liquid with temperature which has been shown by Turnbull (1968) to be very important. Zhang et al. (2003) studied numerically EHD effects on an isolated bubble attached on a horizontal heating surface in nucleate boiling of R134a. Mathematical and numerical models for the heat and fluid flows surrounding the spherical bubble were proposed. The bubble dynamics and the flow structure and temperature field in the nucleate boiling region were analysed. The results showed that EHD can strongly enhance the heat transfer rate of nucleate boiling by destabilising the flow structure in the vicinity of the heating surface. No deformation of the bubble was considered in the presented work. The modelling of the effect of an electric field on the growth and detachment of a single bubble during nucleate boiling heat transfer is far from being complete. Most of the models reviewed above focus on limited aspects of the complete cycle of nucleation, growth and detachment of a deformed bubble in the presence of an electric field. There have been CFD simulations of the bubble cycle without an electric field, e.g. by Son et al. (1999) employing the level-set method. The model for the growth and detachment of a bubble in the presence of an electric field described in the present paper is based on the level set formulation (Son et al. (1999) ) combined with the EHD model proposed by Karayiannis and Xu (1998) . Following the strategy of Son et al. (1999) , the model combines sub-models for the micro-region of the thin liquid film under a bubble, strongly influenced by surface forces, and the macro-region surrounding the bubble, in which conventional thermofluid equations apply. Progress in developing a model for the micro-region in the presence of an electric field has been described by Hristov et al. (2005) . The present paper describes progress in implementing the model for the macro-region. Matching of the interfacial profiles of the sub-models has not yet been attempted. Instead, a constant macroscopic contact angle is assumed and the contribution of the micro-region to the evaporative heat flux driving bubble growth is estimated by an approximate model. The level-set model for the macro-region has been implemented using COMSOL Multiphysics version 3.2a software. This requires some continuing development of the software and improvements in the graphical presentation of the results, as noted in the paper.
Theory
A vapour bubble nucleates on a superheated wall with very high thermal conductivity, so that its temperature is approximately constant. Initially the bubble has the shape of a truncated sphere with a defined contact angle, Figure1. The model couples the momentum and continuity equations inside and outside the bubble. The temperature field is modelled outside the bubble only, so at the interface and inside the bubble the temperature is uniform at the saturation temperature. The model takes into account the electric field distortion in the overall domain, together with changes in the electric properties of the liquid with temperature, which generate electric charges in the liquid. Refrigerant R123 at saturation temperature is used as a working fluid because it has a higher electrical conductivity than most dielectric fluids and thus accentuates the effects of charge generation. The bubble interface is assumed to have a finite thickness represented by -level set function, which is defined as a positive or negative distance from the interface, and an associated Heaviside function H that has value zero in the bulk phases. The negative sign for is chosen for the vapour phase and the positive-for the liquid phase. For the momentum equation for the vapour-interface-liquid region a "one-fluid" formulation has been used:
The curvature at the interface is defined as .
and the other properties as: 
The level set function advances as 0 .
and has to be reinitialized at each time step as:
where 0 is steady state solution of (6).
The last term in (1) is the electric body force -Landau and Lifshitz (1960) defined as
where the first term on the right hand side is the electrophoretic force acting on free charges. The second term is due to changes in the electric permittivity of the medium. The third term includes the dielectrophoresis and electrostriction force - Pohl (1978) . The Coulomb force is: is the electric conductivity at saturation temperature and K is a coefficient which has been obtained by Xu (1995) for R123 refrigerant to be 0.0263 K -1 . The mass conservation equation including the effect of volume expansion due to liquid-vapour phase change is derived from the continuity equation and energy balance across the liquid -vapour interface (Son et al. (1999) ): 
where m is the mass flux of the liquid evaporating at the interface. The vapour produced as a result of evaporation from the microlayer underneath the bubble is added to the vapour volume through the cells adjacent to the heated wall. The evaporation is integrated and expressed as: 
The term added to the right-hand side of (22) represents Joule heating in the liquid and can be neglected in the case of R123 following Allen and Karayiannis (1995) . The boundary and initial conditions are described below, see 
where is the apparent contact angle (Figure 1 ), for which a value is chosen based on experimental observations and is kept constant. For the final model in which the macro-and microregions will be matched, the value of the apparent contact angle will change in time. The other boundary conditions refer to the axisymmetry of the problem. Initial conditions:
where is the initial shape of the bubble, usually a truncated sphere with a defined radius. The temperature field at 0 t for the sample calculations in this paper is defined by Holman (1986), 
where T is thermal boundary layer thickness, evaluated using the correlation for the turbulent natural convection on a horizontal plate (Kays and Crawford (1980) The calculation of the temperature-dependent changes in e in (14) from the instantaneous temperature field calculated from (22) has not yet been fully implemented because it requires significant rewriting of the CFD code. An approximate implementation has been adopted for the particular conditions of the example in this paper. When the initial radius of the bubble is taken as 8 times the initial thickness of this boundary layer, as in Figure 2 , it is found that there is negligible change in the temperature field calculated by (22), so that combination of (9), (15), (16) and (29) gives an analytical expression for the charge density that is independent of time and which can be used directly in the unmodified CFD code: 
Results and discussion
The effect of the electric field on the shape and stability of a bubble has been analysed first by Cheng and Chaddock (1984) and more recently by Herman and Iacona (2004) . They both used the same idea that the equilibrium shape of the bubble corresponds to the extremum of the thermodynamic potential (the Gibbs free energy for a vapour in a liquid). They did not consider the electrohydrodynamics of the problem. The following results are obtained through carrying out numerical simulations considering the full electrohydrodynamics of the problem. have been applied in order to investigate the effect of the electric field strength on bubble growth and detachment. The initial bubble radius is set at 0.4 mm, much larger than the typical radius of a nucleus. This is compatible with the coarse computational Figure 2 . Initial thickness of the thermal boundary layer grid and satisfies the condition for specification of the charge density by the simplified expression in (31). Simulation of a full bubble cycle from nucleation to departure will eventually require grid refinement for the early stages. The examples in this paper focus on the effect of the electric field on bubble departure. In Figure 3 bubble growth and detachment in time for ms t 5 , 4 , 3 (up to bottom) for different applied electric fields (  m  MV  E  /  10  ,  5  ,  0 from left to right) is presented. In all the simulations we start from one and the same initial bubble radius of 0.4 mm. The results show that the elongation of (up to bottom). The bubble in the direction of the electric field is more pronounced with stronger electric fields. Although this trend has been demonstrated previously, an important difference between the presented results and previous works is that in this investigation considers the complete electrohydrodynamics conditions and the temperature field as well as heat transfer of the process, which makes the model closer to the real situation of boiling heat transfer. The results revealed a threshold for the electric field strength of 3 MV/m below which the effect of the electric field on the deformation of the bubble is negligible. During the final stages of bubble growing just before detachment, the dominance of buoyancy over the surface tension accelerates as the bubble base shrinks. A small neck develops, remains for very short time and breaks off due to the strong imbalance of the forces. Unlike the model of Son et al. (1999) , in which the authors imposed an artificial condition for minimum bubble base size to force detachment, in the present model no such condition was necessary.
In Figure 4 , the bubble shape immediately after detachment is shown. The bubble detachment time as well as the shape of the detached bubble change due to electric field effect. In all the cases it is found that a small amount of vapour remains on the heated surface, which starts to grow and closes the cycle of bubble formation and detachment in nucleate boiling. More realistic conditions for the initial radius of the bubble and the temperature field for the next bubble growing from the residual vapour will be developed in the next stage of the work. In Figure 5 , the detachment time and the volume ratio between detachment volume without and with an electric field are plotted as functions of electric field strength. The values of bubble volume are at present subject to numerical errors in the conservation of mass as the bubble deforms, a characteristic of the level-set method. ). This effect has been observed by many authors experimentally and for R123 recently by Zhao et al. (2006) . The result of a higher bubble detachment frequency is likely to be an enhancement of the heat transfer. In order to quantify the effect of the electric field on the deformation of the bubble, an aspect ratio b a between the major and the minor axis of the spheroid as introduced by Cheng and Chaddock (1984) The results for the aspect ratio in Figure 6 show that the electric field strength is the main factor causing bubble elongation in the direction of the electric field. The end points of the curves represent the instant at which the bubble detaches. Figure 7 presents the electric field strength iso-levels for different electric fields applied. In case of isothermal and free of bubbles liquid, the electric field distribution will be identical throughout the domain. On Figure 7 there is distortion in the vicinity of the bubble and the maximum gradient of the electric field occurs at the top of the bubble. Electric field distribution outside as well as inside the bubble is due to the implementation of the idea of Karayiannis and Xu (1998) , that there is no need to apply boundary condition of type 0 n at the interface of the bubble. That condition differs from most of the previous works done on the effect of the electric field on bubble deformation, because they predetermine the solution to be in tangential direction and the electric field inside the bubble to be zero. Another novelty in this work worth mentioning is the "one-fluid" formulation of the electric problem, which allows it to be solved with level set method. The idea of the formulation is that electric permittivity changes smoothly from v to l at the interface as described in paragraph 2. That also gives an easy mathematical implementation of the second term in (7): 
for the third term in (7) (see Karayiannis and Xu (1998) ) enable the model to take into account all the terms into electric body force (7) and makes the modelling more realistic. The above approach results in smooth distortion of the electric field passing through the interface of the bubble as shown on Figure 7 for different electric field strengths. Figure 8 shows the velocity field around the bubble during its growth. These results show higher velocities for higher electric fields. This implies an enhancement of the convective heat flux and overall heat transfer improvement induced by the electric field. Figure 9 shows wall heat flux distribution prior to bubble detachment at different electric field strengths. The results demonstrate low sensitivity of the wall heat flux to the strength of the electric field during this part of the bubble cycle. The increase in the experimental heat transfer coefficient for R123 at similar electric field strengths observed by Zhao et al. (2006) 
Conclusions
A macro-region model describing the deformation, growth and detachment of a vapour bubble in the nucleate boiling regime with an applied electric field has been developed and solved using the level set method. It describes the full electrohydrodynamics of the process including free charge generation, as well as the temperature field distribution in the domain. The proper prediction of the electric field distribution is a fundamental problem in EHD research; any simplification can affect the accuracy of the results. The presented model considers all the terms in electric body force and is not restricted to small deviations from the spherical shape of the bubble. Electric field distribution inside the bubble is also included. The elongation of the bubble in the direction of the electric field, the increase of the aspect ratio as well as stronger convective heat flux with strong electric field are amongst the results in good agreement with the experimental observations. The results presented are a solid foundation for further development of the EHD model to include coupling of the macrolayer region to a micro-region model.
